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We report results of a muon spin relaxation study of slow magnetic fluctuations in the pseudogap phase of
underdoped single-crystalline YBa2Cu3Oy, y = 6.77 and 6.83. The dependence of the dynamic muon spin
relaxation rate on applied magnetic field yields the rms magnitude Brmsloc and correlation time τc of fluctuating
local fields at muon sites. The observed relaxation rates do not decrease with decreasing temperature T below
the pseudogap onset at T ∗, as would be expected for a conventional magnetic transition; both Brmsloc and τc
are roughly constant in the pseudogap phase down to the superconducting transition. Corresponding NMR
relaxation rates are estimated to be too small to be observable. Our results put strong constraints on theories of
the anomalous pseudogap magnetism in YBa2Cu3Oy.
The pseudogap phase in hole-doped cuprates is one of
the most studied quantum states in high-temperature super-
conductors [1–10]. It is characterized by the loss of low-
lying electronic excitations, and emerges below a characteris-
tic temperature T ∗ that depends strongly on the hole concen-
tration on the CuO2 plane. Anomalous transport [11], ther-
modynamic [11, 12], and electrodynamic [6] properties are
observed below T ∗. Extensive work [2] has shown that the
pseudogap state is quite different from a normal metal, and it
is widely believed that it holds the key to a general model for
high-temperature superconductivity. Two categories of theo-
ries, involving either a crossover [1, 3, 10] or a true thermo-
dynamic phase transition with a quantum critical point [4, 8],
attempt to explain the origin of the pseudogap. Both are con-
sistent with several experimental phenomena [10].
A variety of symmetry-sensitive techniques have discov-
ered broken inversion and time-reversal symmetries (TRS)
in a number of cuprate superconductors below T ∗ [13–21].
Among the various models, theories considering intra-unit-
cell (IUC) magnetic order [22–24] have been proposed in
which both of these symmetries are broken. Objections to
IUC magnetism were raised, however, as probes of magnetic
moments and local fields expected from TRS breaking yielded
a wide variety of results. Polarized neutron diffraction exper-
iments yielded evidence for TRS-breaking moments below
T ∗ of the order of 0.1µB [13, 14, 16], but also for the ab-
sence of suchmoments [25], although the latter has been ques-
tioned [26, 27]. Claims of both the presence [20, 21, 28] and
absence [29–33] of static and/or dynamic fields in the pseu-
dogap phase have been made based on muon spin relaxation
(µSR) experiments [34, 35] carried out using different config-
urations. NMR studies [36–38] have not observed such fields.
Our recent µSR measurements of dynamic muon relaxation
rates λ in YBa2Cu3Oy [20] revealed slowly-fluctuating mag-
netic fieldsBloc(t), with heuristic estimates of the root-mean-
square (rms) magnitude Brmsloc ≡ 〈B
2
loc(t)〉
1/2 ≈ 1 mT and
correlation time τc ≈ 10 ns. Such fluctuations are consistent
with polarized neutron diffraction results, for which the exper-
imental time scale (∼10−12 s) is much shorter than τc. They
also explain the absence of static fields in NMR and µSR ex-
periments, where the time scale (& 10−5 s) is considerably
longer. It has been suggested [39] that the fluctuations arise
from quantum size effects in domains of IUC order.
We also observed maxima in λ(T ) at temperatures Tmag ≈
T ∗ in YBa2Cu3Oy , y = 6.72, 6.77, and 6.95, followed by
increases of λ with decreasing temperature in the pseudogap
phase [20]. It was determined that the maxima were not due
to activated muon hopping, charge inhomogeneity, nuclear-
dipole fields, or other phenomena, but were closely related
with the formation of IUC magnetic order. A recent µSR
study of Bi2+xSr2−xCaCu2O8+δ [21] found quasistatic mag-
netic fluctuations in the pseudogap phase that might have the
same origin as those in YBa2Cu3Oy .
Here we report improved measurements of Brmsloc and τc
in the pseudogap phase of YBa2Cu3Oy , y = 6.77 and
6.83. These oxygen concentrations were chosen so that T ∗
is above the onsets of charge density wave phases [10, 40] but
well below the the muon hopping temperature regime T &
2200 K [20]. We determine Brmsloc and τc separately by extract-
ing them from the field dependence of λmeasured at a number
of temperatures. We find that they are each roughly constant
from just above T ∗ down to the superconducting transition
temperature Tc. This is in contrast to ordinary magnetic tran-
sitions, where both quantities decrease with decreasing tem-
perature in the ordered state [41], and raises the question of
the origin of the spin dynamics at low temperatures.
Parent compounds for the single crystalline samples of
YBa2Cu3Oy, y = 6.77 and 6.83, were synthesized by a poly-
thermal top-seeded solution-growth method using a 3BaO-
5CuO solvent flux [42]. This method can yield crystals with
high crystallinity [43]. The bulk single crystal was then
cut into small pieces with ab plane lateral dimensions of
2 mm×2 mm and c-axis thicknesses of 0.5 mm. Oxygen con-
centrations y = 6.77 and 6.83 were achieved by post-annealing
the parent compound in flowing ultra-high-purity oxygen at
different temperatures [20, 44, 45]. For comparison, values of
Tc, T
∗, and Tmag are given in Table I.
TABLE I. Superconducting transition temperatures Tc, pseudogap
onset temperatures T ∗, and peak temperatures Tmag in µ
+ ZF re-
laxation rates for YBa2Cu3Oy, y = 6.77 and 6.83. From Ref. [20]
except as noted.
y Tc (K) (onset) T
∗ (K) (approx.) Tmag (K)
6.77 80 155–185 160(10)
6.83 88 130–160 142(10) a
a Unpublished data.
µSR experiments were carried out using the LAMPF spec-
trometer at TRIUMF, Vancouver, Canada; the EMU spec-
trometer at the ISIS Facility, Rutherford Appleton Laboratory,
Chilton, United Kingdom; and the ARTEMIS spectrometer
at J-PARC, Tokai, Japan. At all facilities, 100% positively-
charged spin-polarized muons (µ+) were implanted into the
samples with the initial ensemble µ+ spin polarizationPµ(0)
normal to the ab plane.
Previous µSR experiments on YBa2Cu3Oy [20] revealed
that fluctuations of local fields at µ+ sites are motionally nar-
rowed: γµB
rms
loc τc ≪ 1, where γµ = 8.5156 × 10
8 s−1 T−1
is the muon gyromagnetic ratio. In an externally applied lon-
gitudinal field (LF) HL ‖ Pµ(0), the corresponding motion-
ally-narrowed relaxation rate λL follows the so-called Red-
field relation [46, 47]
λL(HL) =
2(γµB
rms
loc )
2 τc
1 + (γµµ0HLτc)2
, (1)
if the fluctuations are Markovian and characterized by a sin-
gle correlation time τc. Equation (1) represents the effect
of sweeping the µ+ Zeeman frequency γµµ0HL through the
fluctuation noise spectrum, and assumes no field dependence
of the spin dynamics. In Eq. (1) a crossover occurs for
γµµ0HL ≈ 1/τc, and the area
∫∞
0
λL(HL) dHL = piγµB
2
loc
is independent of τc. For more general fluctuation spectra,
λL(HL) decreases with increasingHL as the µ
+ Zeeman fre-
quency passes through a high-frequency cutoff. The Redfield
relation has been widely applied in µSR to characterize dy-
namic fluctuating magnetic fields in strongly correlated elec-
tron systems [48–50].
The observed µ+ spin relaxation in YBa2Cu3Oy is very
slow [20], and care must be taken to confirm the absence
of spurious spectrometer-dependent signals. µ+ relaxation is
even slower in pure silver [20, 51], so that control experiments
on Ag samples serve as a check for such signals. In the present
study, LF-µSR data were taken on the LAMPF spectrometer
at TRIUMF and the ARTEMIS spectrometer at J-PARC, us-
ing a pure silver sample with lateral dimension and thickness
similar to those of the YBa2Cu3Oy samples.
Figure 1 shows the field dependence of µ+ dynamic relax-
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FIG. 1. Longitudinal muon spin relaxation rates in pure silver sam-
ples with dimensions similar to those of the YBa2Cu3Oy samples.
Data taken using three different spectrometers at different temper-
atures. Squares: J-PARC/ARTEMIS. Circles: ISIS/EMU (from
Ref. [20]). Triangles: TRIUMF/LAMPF.
ation rates λAg measured on the spectrometers used in this
work. Data from the EMU spectrometer, taken from the sup-
plementary information to Ref. [20], are also shown. The val-
ues λAg ≈ 1 ms
−1 are in good agreement with previous re-
sults [20, 51], and serve as a field-independent upper bound
on any such signal up to 400 mT.
We then measured λL(HL) in YBa2Cu3Oy, y = 6.77 and
6.83, at various temperatures above the superconducting tran-
sitions at Tc(y). All data were taken using the LAMPF spec-
trometer except for y = 6.83, T = 170 K, which were taken
using the ARTEMIS spectrometer.
For the LAMPF data two small spectrometer corrections
were necessary because of the very slow relaxation rates [52].
In the ARTEMIS cryostat a sizable contribution to the signal
was observed from muons that miss the sample and stop in
the silver sample holder. Its magnitude was determined using
3zero field (ZF) data, where the sample and Ag contributions
could be separately determined because of their different re-
laxation rates. The correction for LF data included Ag rates
from Fig. 1.
Figure 2 shows the field dependence of λL for y = 6.77 at a
YBa2Cu3O6.77
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FIG. 2. Dependence of dynamic µ+ relaxation rate λL on longitudi-
nal field HL in YBa2Cu3O6.77, T > Tc. Curves: fits of Eq. (1) to
the data.
number of temperatures. Fits to Eq. (1) are shown for 95 K 6
T 6 188 K. The latter is higher than Tmag (Table I), but
all temperatures are within the range of T ∗ values. The half-
widths of the fit curves which, as noted above, are measures
of 1/τc, are of the order of 100 mT, corresponding to τc ≈
10 ns. At 157 K and above there is a significant decrease in
the relaxation rate at low fields, possibly due to a spatially
inhomogeneous distribution of T ∗ in the sample.
Corresponding results for y = 6.83 are shown in Fig. 3.
Redfield field dependence of λL(HL) is again observed for
temperatures up to and slightly above Tmag, but at 170 K
(above the range of T ∗) the rate has fallen to zero within er-
rors. This indicates a decrease of eitherBrmsloc or, alternatively,
of τc at constant B
rms
loc , since as previously noted the area un-
der the Redfield curve is independent of τc.
Figure 4 shows the temperature dependencies of Brmsloc and
τc obtained from the fits. There are not enough temperature
points to resolve the peak in λL(T ) observed previously [20].
There is a slight and statistically marginal increase of τc with
decreasing temperature for both dopings. For y = 6.83,
T = 170 K, essentially no relaxation was observed within er-
rors [Fig. 3(i)]. Assuming a roughly temperature-independent
Brmsloc , this and the consequent absence of a high-field cutoff
yield τc = 0(1) ns. Results for YBa2Cu3O6.83, T = 93 K,
differ slightly from those previously reported [20], most likely
due to less uncertainty in the present data. We note that if fluc-
tuating magnetism exists above T ∗ [53], thenBrmsloc is nonzero
there and thus is not an order parameter in the pseudogap
phase.
As has been previously noted [20], values of Brmsloc ≈
1 mT (Fig. 4) are consistent with calculated local fields from
FIG. 3. Dependence of λL on HL in YBa2Cu3O6.83, T > Tc.
Curves: fits of Eq. (1) to the data.
∼0.1µB IUC magnetic moments observed in polarized neu-
tron diffraction in YBa2Cu3Oy [13, 14, 16]. The fluctu-
ations would not affect the latter experiments: the conse-
quent broadening ~/τc of the diffraction pattern is ∼0.1 µeV,
which is much smaller than the experimental energy resolu-
tion ∼1 meV [39].
As mentioned above, a series of µSR studies [21, 28, 29, 31,
32] reported conflicting results on the nature of the detected
magnetic fields in the pseudogap states of several hole-doped
cuprates. Concerns were raised [54] whether the putative dy-
namic field is associated with charge inhomogeneity or muon
diffusion effects. However, it was shown [20, 55] that these
issues are not related to the maxima in the µ+ relaxation rates
at Tmag ∼ T
∗. We note that much of our previously-reported
data [20] and all of the present results were obtained in longi-
tudinal fields strong enough to decouple nuclear dipolar relax-
ation [46], and are thus not subject to a recent critique [33].
Information relevant to potentially corroborating NMR
or NQR experiments can be extracted from our result
λ(HL=0) = 2(γµB
rms
loc )
2τc ≈ 1 ms
−1 (Figs. 2 and 3). To
estimate nuclear spin-lattice relaxation rates 1/T1, we assume
fluctuating fields at nuclear sites with similar magnitudes and
correlation times as reported here, and therefore scale our
µSR results by a factor (γnuc/γµ)
2, where γnuc is the nu-
clear gyromagnetic ratio, to obtain estimates 1/T
(est)
1 of NMR
rates. These are compared in Table II with experimental val-
ues 1/T
(exp)
1 at ∼100 K for
63Cu, 137Ba 17O, and 89Y NMR
in YBa2Cu3Oy [56]. It can be seen that, with the exception
of 89Y, the estimated NMR rates are more than an order of
magnitude smaller than the measured rates, making obser-
vation of the pseudogap fluctuations difficult. Furthermore,
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FIG. 4. Temperature dependencies of µ+ rms local fields Brmsloc and
correlation times τc in YBa2Cu3Oy . (a): y = 6.77. (b): y = 6.83.
Shaded areas: superconducting phase. Horizontal bars: ranges of
pseudogap onset temperatures T ∗.
TABLE II. Muon and nuclear gyromagnetic ratios γµ and γnuc,
experimental relaxation rates 1/T
(exp)
1 in YBa2Cu3Oy at ∼100 K
(Ref. [56]), and estimated rates 1/T
(est)
1 from pseudogap magnetic
fluctuations.
µ+ 63Cu 137Ba 17O 89Y
γµ,nuc (10
7s−1 T−1) 85.156 7.1088 2.988 −3.6279 −1.3155
1/T
(exp)
1 (s
−1) ∼1000 ∼2000 ∼20 ∼30 ∼0.02
1/T
(est)
1 (s
−1) – 7.0 1.2 1.8 0.2
the NMR rates would suppressed by the Redfield field depen-
dence [Eq. (1)] for applied fields greater than a few tesla. In
the loop-current scenario observation would also be difficult
for 89Y NMR; the Y site in the YBa2Cu3Oy crystal struc-
ture is symmetric with respect to oppositely-directed IUC loop
currents, and the local fields there would cancel [38]. Thus the
present results are not in conflict with the absence of NMR ev-
idence for the slow fluctuations.
It is intriguing that similar unusual magnetic fluctua-
tions have been observed via Redfield field dependence
of µ+ dynamic relaxation in the “hidden order” phase of
Sr2Ir1−xRhxO4 [50]. The hole-doped cuprates and the Rh-
doped iridates share similar crystal symmetry and similarity in
electronic structure andmagnetic order geometry [18, 57], and
neutron diffraction experiments find evidence for TRS break-
ing [58]. Both τc and B
rms
loc are of the same magnitude as in
YBa2Cu3Oy , suggesting that slow spin dynamics might have
the same origin in both systems.
In conclusion, we have measured the temperature depen-
dence of the rms dynamic local fields Brmsloc and correla-
tion times τc associated with slow magnetic fluctuations in
YBa2Cu3Oy , y = 6.77 and 6.83, using longitudinal-field
µSR. Although µSR does not yield direct information on
the spatial structure of the fluctuating magnetization, the con-
sistency of the magnitude of Brmsloc with the IUC moment
values from polarized neutron diffraction experiments is evi-
dence that the fluctuating fields arise from IUC moments. The
weak temperature dependencies of Brmsloc and τc below Tmag
are anomalous, since in conventional magnetically-ordered
phases both quantities decrease with decreasing temperature
below the transition. The observed behavior is reminiscent of
the persistent spin dynamics (PSD) observed in spin ices and
spin liquids [59]. Pseudogap-phase PSD has been attributed to
quantum size effects in disordered loop-current domains [39];
an alternative scenario might involve a macroscopically de-
generate ground state. The long but finite correlation times are
perhaps conceptually similar to long-range order in the pres-
ence of long but finite correlation lengths [60]. More work is
needed to understand this situation.
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